INTRODUCTION
In developed countries, one the fastest growing segments of the population comprises people who are older than 85 yr and are currently considered the oldest-old. Unfortunately, the majority of people who reach this advanced age experience a significant loss of locomotor function, with very few people still able to move independently. This loss of mobility results in a significant decline in quality of life and a high risk of falls, which often represents the terminal event in life. These factors can lower the frailty threshold for the oldest-old, with the consequent loss of adaptability, which is an essential feature of successful aging. This process of deteriorating mobility, although multifactorial, including the decline of cognitive function, increased bone fragility, and reduced joint flexibility, is heavily dependent on impaired muscle performance. However, understanding the changes in muscle function with advancing age is complicated not only by the interplay between reduction in muscle mass, altered architecture, and disrupted innervation, but also by the observation that the decline in muscle function occurs to differing extents and at nonuniform rates between individual muscles. Furthermore, aging also is accompanied by greater variability of motor performance than in young adults (1) . This interindividual variability increases with advancing age and may appear even greater in the oldest-old (2) . Of note, numerous factors also interact with the aging process and perhaps exacerbate the age-related variability in motor performance, including genetic background, physical activity level, nutritional status, and hormonal and inflammatory levels (2) . In this complicated and multifaceted scenario, the impact of lifestyle and more specifically the level of physical activity on the preservation of muscle function are debated. Indeed, the effective contribution of lifelong physical exercise to the preservation of neuromuscular structure and function (3) (4) (5) and, more generally, to successful aging (6) is still controversial.
Initially, the oldest-old may seem to represent a human model of successful aging. However, several physiological characteristics associated with the age-related loss of skeletal muscle mass and force seem further compromised in this population, suggesting a nonlinear age-related decline in the skeletal muscle function. The contribution of intrinsic factors such as the progressive atrophy of skeletal muscle fibers; systemic factors such as modifications of hormonal, metabolic, and inflammatory status; and nervous system changes in response to the rapid drop of skeletal muscle loss after this tipping point in the aging process (80-85 yr) is still a matter of debate. Moreover, it is not completely clear if and how exercise training can mitigate or reverse this phenomenon. Our novel hypothesis is that, if we consider the population of the oldest-old (older than 85 yr), intrinsic factors associated with the skeletal muscle fiber, per se, are not responsible for the reduction in force-generating capacity; rather, muscle dysfunction is attributable to a combination of factors external to the muscle fibers.
CHARACTERISTICS OF THE OLDEST-OLD
Aging is a biological process, which is manifest from the cellular to the systemic level, and is generally characterized by numerous functional changes that become apparent across the lifespan (7) . Some components of this process often are considered programmed regressive phenomena. However, other age-related factors such as cardiovascular and metabolic disease, orthopedic issues, and cognitive deterioration, although not present to the same extent in all individuals, can significantly affect physical function and, therefore, play a role in determining health and longevity in the oldest-old. In Western societies, the significant increase in quality of life and advances in medicine in the last 50 yr have positively influenced life expectancy and, therefore, the growth of the oldest-old population. However, it is important also to note that the majority of the oldest-old, because of chronic comorbidities, still experience a progressive fall in their quality of life even if considered relatively healthy. Therefore, it is not surprising that most epidemiological studies highlight that only a minimal number of the oldest-old are totally independent in terms of performing activities of daily living, whereas the majority are partially or totally dependent. Accordingly, there is a clear and present need to better understand the physiological consequences of advanced age to facilitate the development of countermeasures to combat the declining physical function in the oldest-old. In this review, we focus, in particular, on the decline of muscle function with advanced age, an aspect extremely relevant to the preservation of independent life.
CHRONOLOGICAL AND BIOLOGICAL AGING OF SKELETAL MUSCLE
Unlike chronologic aging, which merely documents the passage of time, cellular aging, from a biological point of view, is an overall decline in cellular homeostasis and a reduced capacity to respond to physiological stressors. Telomeres, terminal sequences of TTAGGG repeats, form the natural end of chromosomes and provide a useful marker of cellular aging. Telomere length is reduced by successive cell divisions and therefore differs across somatic tissue in proportion to that tissue's replicative activity. Interestingly, in skeletal muscle, a relatively quiescent tissue, genotoxic stressors such as free radicals, rather than replicative activity, play a pivotal role in telomere shortening and functional decline. It also is important to note that the age-related loss of muscle mass is associated with a reduction in the capacity of myosatellite cells to proliferate and differentiate, resulting in attenuated muscle function in the oldest-old. In this complicated scenario, we have recently documented the relation between arm and leg muscle telomere length shortening and physical inactivity (8) (Fig. 1) , suggesting that skeletal muscle biological aging is exacerbated by increasing muscle inactivity and not by chronological age, per se. In the same study, the mechanism responsible for this apparent inactivityrelated asynchrony in human skeletal muscle telomere shortening was associated with the accumulation of free radicals (8) . In combination, these data suggest that in skeletal muscle, a tissue with a low proliferative rate, the genotoxic stress of an increased free radical concentration triggers the erosion of telomeres, and this marker of cellular aging is clearly linked to physical inactivity and not simply chronological age. Recognition that the cellular aging of skeletal muscle is not simply age-dependent but is the consequence of inactivity and the subsequent increase in free radicals highlights the importance of maintaining physical activity across the lifespan. This dramatic accumulation of free radicals that we have detected in the skeletal muscle of the inactive oldest-old likely has a plethora of negative effects also beyond the myonuclei. For example, as reported by Hepple et al. (9, 10) , age-related denervation is associated with an increased reactive oxygen species (ROS) production and, thus, represents an additional major source of free radicals in senescent muscles.
DISCORDANT EFFECT OF AGING ON SKELETAL MUSCLE MASS AND FORCE
The loss of muscle mass, or muscle atrophy, is likely the most conspicuous hallmark of skeletal muscle aging. Starting from Figure 1 . Conceptual schematic of telomere shortening in somatic tissues with differing proliferative activity and intracellular stress. During childhood, a period of rapid growth, it is likely that all somatic tissues experience telomeric shortening. During adulthood, leg skeletal muscles (dark gray line), characterized by low proliferative activity, undergo greater inactivity with increasing age. This inactivity promotes accumulation of intramuscular free radicals, which erode telomeres. With a severe increase in leg skeletal muscle inactivity in wheelchair-bound people (dark gray dotted line), intramuscular free radical levels are further augmented resulting in greater genotoxic stress and exacerbated telomere erosion. Due to the bipedal nature of human locomotion, arm skeletal muscles (light gray line), also characterized by low proliferative activity, do not experience an increase in inactivity across the human lifespan. Thus, intramuscular free radicals are not increased and telomere shortening across adulthood is avoided. In contrast, the highly proliferative leucocytes (black line) are not influenced by physical activity but experience rapid telomere shortening as a consequence of time and replicative activity, with leukocyte telomeres becoming shorter quicker than in minimally proliferative somatic tissue such as skeletal muscles. [Adapted from (8) . Copyright © 2014 Portland Press Ltd. Used with permission.] the beginning of the fourth decade, muscle mass decreases by approximately 0.5% every year. See Mitchell et al. (11) for a comprehensive review. This is the result of a multifactorial process that, among its causative factors, includes reduced levels of anabolic hormones, chronic inflammation, degradation of the muscle contractile proteins, loss of regenerative capacity, altered neural activation, and mitochondrial dysfunction. The loss of muscle mass necessarily involves a loss of contractile performance, measured as either force or power (12) . Several studies, however, document a dissociation between the fall in muscle mass and the related decrease in voluntary force in older adults so that the torque developed with a maximal voluntary contraction normalized to muscle volume or, better to muscle physiological cross-sectional area (CSA), is reduced in the elderly compared with the young. For an example, see (12) . Cross-sectional studies, however, tend to underestimate the rates of decline of muscle mass and force because of possible selection bias, with only the most fit individuals surviving and being present in the older groups. Thus, more robust data are provided by longitudinal studies. Delmonico et al. (13) followed a population of more than 3000 elderly, in their eighth decade, for 5 yr and reported an annualized rate of loss of knee extensor torque normalized to the quadriceps area of 2% and attributed part of this to the accumulation of intramuscular fat. Hughes et al. (14) followed 120 people for approximately 10 yr with a starting age between 46 and 78 yr and reported an annual rate of force loss between 1% and 2%, depending on muscle group and sex, and 60% greater than the loss expected from the reduction in muscle mass. Frontera et al. (15) documented, in a longitudinal study performed on 12 men in their eighth decade, annual rates of decline of isokinetic torque on the order of 2%-3% per year in the knee extensors and 0.5%-1% per year in the knee flexors.
Both cross-sectional and longitudinal studies have consistently documented an acceleration in the decline of muscle mass and force during the eighth decade. Indeed, the relation between age and muscle mass (kilogram) and force or torque (newton or newton-meter), for a given large muscle group (for example, the leg extensors), across the lifespan can be better interpolated by a quadratic rather than a linear function (16) . Of note, the decline in the number of muscle fibers (17, 18) and spinal motor neurons (17) also exhibits an acceleration somewhat earlier in life, evident in the seventh decade (9,10) (see subsequent section and Fig. 2) . The enhanced skeletal muscle atrophy and the more pronounced reduction in muscle voluntary force with advancing age strongly suggests that additional physiological mechanisms combine to yield this functional impairment. Alterations of neural control, the deterioration of muscle architecture with increased fat and connective tissue accumulation, and changes in the contractile units, i.e., single muscle fibers, can all be identified as possible determinants and will be discussed in the next sections.
It is important, however, to note that these age-related changes in skeletal muscle mass and function seem to be muscle and limb specific. The muscle volume of the upper limbs is less affected by aging (20, 21) and, therefore, the loss of muscle fibers, with advancing age, is very limited in arm muscles (22) . Moreover, in the lower limbs, flexor muscles are less affected than the extensors (15) . In agreement with this, comparative analyses have documented that the tibialis anterior, an ankle flexor, is more resistant to atrophy than the quadriceps (23) . Interestingly, a greater resistance to the age-dependent loss of muscle mass also has been observed in rodent forelimbs compared with hindlimbs (23, 24) . Currently, it is still uncertain what the exact mechanism responsible for this disparity between legs and arms as well as forelimbs and hindlimbs is, but structural differences such as the axon length or the volume of activity may play a role (24) .
However, at least in humans, with advancing age and especially in the oldest-old, there is typically a clear reduction of physical activity, with significant periods of lower limb inactivity (25) . This reduced movement may accelerate the loss of skeletal muscle mass and subsequently lower limb forcegenerating capacity (21) . Conversely, the muscle volume of the upper limbs is less affected by the reduction in physical activity across the lifespan (8), likely because the arms are constantly utilized for the activities of daily living, even in those with mobility limitations. Recently, using a human model of the oldest-old and varying levels of limb disuse, we demonstrated that the progressive fall in skeletal muscle use, as seen in the legs, likely plays a significant role in exacerbating the loss of muscle mass (8) . Moreover, with the data from a subsequent study (21) we observed that, despite the maintenance of muscle mass in the arms in the oldest-old, there was still a significant decrement in voluntary force production in these limbs in both the mobile and the immobile oldest-old compared with the young. Although complicated somewhat by clear evidence of sarcopenia in the legs, the equivalent findings of diminished force regardless of muscle mass, achieved by calculating muscle-specific force, also was apparent in the lower limbs of the oldest-old, in this case as a consequence of both advanced age and disuse. These first, very simplistic observations, supported later by several more complex assessments, imply that 
Neuromuscular Factors in the Oldest-Old
Voluntary force represents the integration of cortical inputs to motor neurons, motor neuron discharge, neuromuscular junction transmission, and the muscle response (2) . Several studies have indicated that potential candidates for the recognized age-related decline in voluntary force include the reduction in the number of motor neurons, alterations in motor unit structure and function, and diminished motor neuron firing rate altogether leading to an attenuated performance of skeletal muscle contraction (26) (27) (28) (29) .
Cortical inputs to the motor neuron
Significant age-associated changes in the structure and function of the cortical neurons contribute to the neuromuscular system dysfunction associated with aging. Specifically, during advanced aging, neuronal atrophy is evident in the central nervous system (30) , with a 40% reduction in the number of motor cortex cells coupled with a general reduction in gray and white matter volume (31) . Indeed, the importance of the age-related reduction in cerebral cortex thickness is indicated by its correlation with specific motor task performance. With advanced age, cortical function is characterized by a significant decrease in inhibition and increased activity in many areas of the cerebral cortex. Specifically, using the transcranial magnetic stimulation approach, it has been recognized that there is decreased interhemispheric inhibition (30, 32) , shorter silent period after fatiguing exercise (33) , and a reduced intracortical inhibition. It also is important to note that both contralateral and ipsilateral hemispheres are heavily activated during motor tasks in the elderly (32) . This failure to not inhibit crucial cortical areas during motor tasks may lead to hyperactivation of additional motor units. Whether these age-related changes in cortical inputs are the result of a neural dysfunction or are compensatory mechanisms is still a matter of debate (30) .
Motor neurons
Motor neurons represent the final pathway through which central command is translated to the musculoskeletal system. Aging is accompanied by changes in motor unit morphology and properties, coupled with altered inputs from peripheral, spinal, and supraspinal centers (27, (34) (35) (36) . The age-related apoptosis of spinal motor neurons accelerates after the age of 60 yr, whereas in contrast, a rapid decline in human muscle mass and function seem to be evident relatively later in life (approximately 75-80 yr, Fig. 2) (17,27,34-36 ). Recent evidence suggests that these age-related morphological changes in motor neurons are, at least in part, due to the accumulation of oxidative stress and inflammation (27, 37) . Another factor important to recognize is the lack of reinnervation of the fibers of these damaged motor units by adjacent axons through collateral sprouting (27) , resulting in fewer and larger surviving motor units with advancing age, ultimately resulting in lasting functional consequences in oldest-old (18) . Aging is associated with remodeling of the neuromuscular junction and impaired neuromuscular transmission (37) that may decrease motor unit activation among the oldest-old. It is important to underline that, whereas the decline of muscle mass and contractile parameters can be clearly demonstrated by comparing people aged approximately 70 yr to young people in the third decade of life (see previous reference), the loss of motor units becomes already relevant during the seventh decade of life. This was initially observed by autopsy studies of Tomlison and Irving (38) and confirmed by motor unit number estimates (34) . Thus, the accelerated decay of muscle mass and function in the oldest-old likely represents the interplay of different mechanisms with differing time courses and probably an overwhelming impact of the deterioration in neural control.
Voluntary Activation in the Oldest-old
The effectiveness of voluntary activation of motor units can be measured by stimulating the motor cortex, peripheral nerves, or muscle during maximal isometric contractions. The literature on this matter with respect to aging is disparate; some studies report lower activation levels in the elderly, whereas others indicate that older adults can activate the skeletal muscle to a similar extent as young people (39) . Furthermore, less physical activity among the elderly may exacerbate apparent age-related differences in voluntary activation. In a recent study by our group (21), we documented the contribution of voluntary activation as a modulator of the decline in voluntary force production with advancing age. Specifically, despite a progressive reduction in voluntary force generation, the locomotor limbs of the oldest-old (older than 85 yr) exhibited a similar fall in muscle voluntary activation regardless of their loss or preservation of independent locomotion. This reduction in muscle voluntary activation also was apparent in nonlocomotor limbs. Additional evidence of the potential neuromuscular contribution to the reduction in voluntary force is the electrically evoked resting twitch-specific force. This variable is an indicator of contractile force, divorced from neural drive and physiological CSA as potentially limiting factors, and our data (21) suggest a preservation of resting twitch-specific force in the locomotor and nonlocomotor limbs of the oldest-old. Therefore, with recognition of the reduction in muscle voluntary activation with advanced aging, it seems reasonable to assume that a deficit in neural drive plays a significant role in the attenuated voluntary force production in the oldest-old. Taken together, these results support the concept that voluntary force development is largely dependent on neural activity, and this is likely impaired in the oldest-old.
SINGLE MUSCLE FIBER CONTRACTILE FUNCTION IN THE ELDERLY AND OLDEST-OLD
When considered at a cellular level, skeletal muscle can be viewed as a complex organ comprising several diverse cellular populations. Specifically, the muscle fibers or myofibers are embedded in connective tissue layers that host blood vessels, motor and sensory nerve endings, inflammatory cells, and adipocytes. Muscle fibers, however, represent the determinants of contractile performance in terms of force and power generation. In regard to the contribution of myofibers to muscle atrophy, available evidence supports the view that the loss of muscle mass is a consequence of a decrease in size of the single myofibers and a decrease in fiber number (40) . Alternatively, it is currently unknown to what degree the functional decline in whole muscle is a consequence of the decrease in the single myofibers' ability to develop force and power.
Since the seminal work of Lexell (41) 30 yr ago, it has been generally accepted that aging involves a loss of muscle fibers, which parallels the loss of motor neurons and the related denervation process, for which anatomical and electromyographic (see previous section) evidence is available (34, 35) . Small angular fibers and fiber clustering, signs of denervation and reinnervation, have been consistently reported in skeletal muscle with healthy aging (42, 43) . The fate of many or, possibly, most denervated fibers is death and, ultimately, disappearance. The open question of whether, with advanced age, muscle fiber size is preserved or they all undergo a decrease in transverse area (CSA) is thus restricted to the surviving fibers.
Most studies are based on cross-sectional comparisons, that is, comparisons among subjects of different ages, generally taking into account health conditions, physical activity, and sex. The limitations inherent to such cross-sectional studies are the same as for the assessments of muscle mass and function discussed previously. The sampling is typically performed by percutaneous biopsy, which allows the analysis of just several hundred fibers -in most cases collected from the vastus lateralis. In a few studies (41, 44) , however, the whole muscle has been analyzed from postmortem sampling. The comparison with animal models, particularly rats, has been proposed (45), but it is uncertain whether the observations of fiber atrophy in aged rats can be directly applied to human aging. For mice, a specific strain, called sarco-mice, overexpressing neurotrypsin and characterized by sporadic denervation has been studied as a model of agedependent denervation and mitochondria dysfunction (42, 43) . Although some studies (46, 47) did not identify any agedependent atrophy, most studies agree that fast fibers do undergo significant atrophy (40) (41) (42) 44, 48) , with some studies also observing atrophy of the slow fibers (49), although less pronounced than in fast fibers. It is worth recalling that, possibly in relation to the denervation-reinnervation process or because of a change in functional demand to muscles, the proportion of hybrid fibers (fibers expressing a protein complement intermediate between fast and slow fibers and, in particular, two or more myosin isoforms) becomes particularly abundant with aging (49) (50) (51) . As clearly demonstrated by Purves-Smith et al. (52) , this makes it far more difficult to attribute muscle fibers of the elderly to a given slow or fast type and thus, identify atrophy of a specific fiber type and possible fiber type transitions (52) .
The changes in contractile performance of individual myofibers with advancing age are even more complex to define. Actually, functional experiments on single fibers dissected from a biopsy samples face two main drawbacks: first, the limited number of fibers analyzed, even when several hundreds of fibers are tested ex vivo, represent much less than 1% of the whole muscle. Second is the high risk of biased selection during the manual dissection procedure, which tends to overlook the tiniest or the most fragile fibers. Taking into account such limitations, different and, to some extent, opposite results can be found in a survey of the relevant literature. Data in favor of a complete preservation of major contractile parameters, isometric tension (Po, i.e., isometric force normalized to CSA), unloaded shortening velocity (Vo), and peak power (Wmax), have been provided by Trappe et al. (53) . In this work, they (47) compared men and women in their third and eighth decades and reported only some minor decreases in CSA in elderly women. Data in favor of functional preservation also come from the longitudinal studies published by Frontera et al. (15) , who could not detect any change in CSA or contractile parameters through the eighth decade (from 71 to 80 yr). In contrast, D'antona et al. It is worth underlining that the functional parameters determined in single permeabilized fibers are obtained at low temperature, in optimal conditions from the metabolic point of view, because full adenosine triphosphate availability is guaranteed, and with full calcium activation. There are reliable data indicating that calcium activation is not well preserved in elderly muscle because of impaired excitation-contraction coupling (56, 57) . Moreover, the impairment of mitochondrial aerobic metabolism in the elderly has been demonstrated in vivo and in vitro (58) , and more recent data also point to an impairment of glycolytic pathway (48) . All these data sets highlight the limitations of data obtained from single fibers in vitro and concerns regarding the translation of such findings to the contractile behavior of fibers assessed in situ. However, our recent data (21) lend support to the relevance of data obtained in vitro by showing a high direct correlation between the average isometric tension generated by single fibers during maximal activation and the isometric tension generated during electrical stimulation of the whole muscle. Specifically, when electrical stimulation activates all functioning fibers, even for a single maximal twitch, the tension output is proportional to that measurable in activated single fibers in vitro.
In view of the evidence of the accelerated muscle deterioration with aging in the eighth decade (13) , the question about changes occurring in the ninth and tenth decades -the oldest-oldbecomes very important. However, very few studies have investigated the properties of individual muscle fibers of people in that range of age. Raue et al. (59) have documented, in the vastus lateralis of subjects of both sexes well older than 80 yr, the presence of slow and fast fibers with size (CSA) and contractile parameters (Po, Vo) similar or even higher than those measured in young people of the same sex in their third decade. These results are consistent with our recent work in this area (21) that compared single muscle fibers from both the arms and legs in a small cohort of oldest-old women (≈88 yr) and their young (≈20 yr) counterparts and documented the preservation of fiber size, expressed as CSA, as well as the preservation of isometric tension (Fig. 3) . Furthermore, a recent study by Grosicki et al. (60) revealed that the peak power developed by single muscle fibers from healthy octogenarians (≈89 yr), maximally activated in vitro, was not different from that of young subjects. It is important to recall that both Raue et al. (59) and Venturelli et al. (21) determined that there was an extremely large heterogeneity of fiber size in the vastus lateralis of subjects aged 90 yr or older. Interestingly, whereas the presence of thin and atrophic fibers may be linked to the denervation process, the survival of thick and strong fibers is not only a clear sign of preserved innervation, but also an indication of the capacity of these fibers to preserve or even increase their size. To explain the preservation of muscle fiber size, two main hypotheses have been proposed. First, a mechanism based on compensatory hypertrophy has been suggested by Frontera et al. (15) . Specifically, it is proposed that, as consequence of the discrepancy between functional demands and the progressive decrease in the number of muscle fibers and motor units, the surviving fibers respond with a compensatory hypertrophy. Second, as an alternative explanation, Grosicki et al. (60) have proposed that the preservation of fiber size is the result of a selection process such that only the largest and strongest fibers survive. The partial failure to achieve muscle loading-induced hypertrophy with resistance training in the oldest-old (59) lends support to the concept of a selective mechanism. However, the real nature of such a mechanism still needs to be fully understood to better exploit these processes with countermeasures aimed to improve muscle structure and function in the oldest-old.
CONCLUSIONS
Skeletal muscle function is greatly diminished with advanced aging; however, a population of single muscle fibers is able to preserve structure and function. Indeed, there is now significant evidence supporting the concept that the skeletal muscle fibers, per se, are not the predominant factor responsible for the reduction in force-generating capacity in the oldest-old (Fig. 3) . Instead, the loss of muscle function with advanced age is likely attributable to a combination of factors external to the muscle fibers, among them impaired neural control and changes in muscle composition. This observation should prompt future studies to put an emphasis on the control of such factors and their role in aging and loss of mobility.
